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The burden of unresolved crime in South Africa highlights the need to improve methods of 
identifying perpetrators of crimes. One globally accepted method for human identification is 
forensic DNA profiling. Since trace evidence is often retrieved in small amounts, the optimal 
recovery of DNA from these samples is crucial. Methods for the recovery of touch DNA from 
swabs typically make use of a spin basket or filter, combined with a centrifugation step, to 
enhance the release of cells from the swab prior to DNA extraction. The NucleoSpin® Forensic 
Filter (Macherey-Nagel, Düren) is one such example, but it has not been thoroughly assessed 
on touch DNA samples. This study aimed to assess if the inclusion of the NucleoSpin® Forensic 
Filter significantly improved DNA recovery and DNA profiling success from cotton and 
flocked swabs used to collect touch DNA and buccal cells (control). Buccal cells and touch 
DNA samples were collected from 25 volunteers using each swab type (cotton and flocked) in 
duplicate. DNA was extracted from the samples using the NucleoSpin® DNA Forensic kit, one 
set with, and the other set without, NucleoSpin® Forensic Filters. DNA concentration was 
assessed using Qubit™ fluorometry and qPCR, and DNA profiling was done using the 
PowerPlex® ESX 16 system. The inclusion of the NucleoSpin® Forensic Filters significantly 
improved DNA concentration in buccal cells collected using flocked swabs (p = 0.035). 
However, no significant differences were noted for touch DNA samples, for either swab type. 
There was also no significant difference in DNA profiling success when NucleoSpin® Forensic 
Filters were used, regardless of swab and sample type. These results suggest that the 
NucleoSpin® Forensic Filters should not be included in the DNA extraction workflow, 
particularly for touch DNA samples. With only 16 % of touch DNA samples yielding full DNA 
profiles, there is the need to improve DNA recovery. Factors such as swab type and swab 




Firstly, I would like to thank the Lord Almighty for giving me strength and courage throughout 
the research project. 
I wish to express my sincere gratitude to my supervisors; Dr Laura Heathfield, Dr Andrea 
Gibbon and Calvin Mole for their guidance and motivation during the project. 
Special appreciation goes to my family for their comfort, support and motivation throughout. I 
would also like to thank the Division of Forensic Medicine and Toxicology in the Department 
of Pathology at the Health Sciences Faculty, University of Cape Town for offering me the 
opportunity to pursue my master’s degree. 
Finally, I wish to thank the Namibia Students Financial Assistance Fund for funding my 
research project. 
v  
Table of contents 
Declaration ................................................................................................................................. ii 
Abstract ..................................................................................................................................... iii 
Acknowledgements ................................................................................................................... iv 
Table of contents ........................................................................................................................ v 
List of tables ............................................................................................................................. vii 
List of figures .......................................................................................................................... viii 
Abbreviations and symbols ....................................................................................................... ix 
Chapter 1: Introduction and Literature review .......................................................................... 1 
1.1. Background ................................................................................................................. 1 
1.2. Forensic genetics and human identification ................................................................ 2 
1.3. Biological samples and swabs ..................................................................................... 4 
1.3.1. Buccal cells .......................................................................................................... 4 
1.3.2. Touch DNA .......................................................................................................... 5 
1.4. DNA analysis and assessment ..................................................................................... 8 
1.4.1. DNA recovery from swabs .................................................................................. 8 
1.5. Rationale .................................................................................................................... 11 
1.6. Aims and objectives .................................................................................................. 11 
1.6.1. Aim .................................................................................................................... 11 
1.6.2. Objectives ............................................................................................................... 11 
1.7. Hypothesis ................................................................................................................. 12 
Chapter 2: Materials and Methods ........................................................................................... 13 
2.1. Study design .................................................................................................................. 13 
2.2. Cohort ............................................................................................................................ 13 
2.2.1. Study population ..................................................................................................... 13 
2.3. Sample collection .......................................................................................................... 13 
2.4. Sample processing ......................................................................................................... 14 
2.4.1. DNA extraction ...................................................................................................... 15 
2.4.2. DNA quantification ................................................................................................ 15 
2.4.3. DNA profiling ........................................................................................................ 16 
2.5. Data and statistical analysis .......................................................................................... 17 
Chapter 3: Results .................................................................................................................... 18 
3.1. Assessment of DNA quantity ........................................................................................ 18 
3.1.1. DNA concentration ................................................................................................. 18 
vi 
 
3.2. DNA profiling ............................................................................................................... 20 
3.2.1. DNA profiling success ............................................................................................ 20 
Chapter 4: Discussion and conclusion ..................................................................................... 23 
4.1. Does the NucleoSpin® Forensic Filter improve DNA recovery from swabs? ............... 23 
4.2. How does DNA recovery and DNA profiling success compare between protocols 
using the NucleoSpin® Forensic Filter and filters by other manufacturers? ........................ 27 
4.3. Improving touch DNA recovery and DNA profiling success… .................................. 28 
4.4. Limitations .................................................................................................................... 30 
4.5. Conclusion ..................................................................................................................... 30 
5. References ............................................................................................................................ 31 
6. Appendices ........................................................................................................................... 42 
Appendix A: Human Research Ethics approval letter .......................................................... 42 
Appendix B: Information and Informed consent form ......................................................... 44 
Appendix C: Real-Time PCR standard curve ...................................................................... 48 
Appendix D: PowerPlex® ESX 16 kit positive control DNA profile ................................... 49 
Appendix E: PowerPlex® ESX 16 kit negative control DNA profile ................................... 50 
Appendix F: Table of results ................................................................................................ 51 
Appendix G: Table of p-values ............................................................................................ 56 
vii  
List of tables 
 
Table 2.1. Table showing the independent variables and how many swabs were collected 
from each of the eight combination of variables .................................................................. 14 
 
 
Table 6.1. Quantifiler® Human DNA Quantification Kit (Applied Biosystems) qPCR quality 
metrics ranges .......................................................................................................................... 48 
 
 
Table 6.2. Raw data showing the results from all the analyses performed on touch DNA 
samples and buccal samples (n = 200) ................................................................................... 51 
 
 
Table 6.3. Table showing the different groups analysed and the p-values recovered for each of 
the 16 combinations ............................................................................................................... 56 
viii  
List of figures 
 
Figure 3.1. DNA concentrations of buccal and touch DNA samples measured using qPCR. 
.................................................................................................................................................18 
Figure 3.2. The percentage of human DNA (qPCR DNA concentration) out of double stranded 
DNA (Qubit™ DNA concentration) ......................................................................................... 19 
Figure 3.3. Pie chart showing DNA profiling success of 100 touch DNA samples ............... 20 
Figure 3.4. Scatter plot showing correlation between qPCR DNA concentrations and the 
number of STR markers called during DNA profiling of 100 touch DNA samples ................ 21 
Figure 3.5. Number of STR markers recovered during DNA profiling of touch DNA samples.. 
........................................................................................................................................... 22 
Figure 6.1. A standard curve generated from 5 serial dilutions of standard DNA in MBG water 
(dilution factor = 3), with concentrations ranging from 0.023 ng/µL to 1.850 ng/µL ............. 48 
Figure 6.2. Positive control DNA profile generated from the Applied Biosystems® Gene 
Mapper 4.1 software using the using the PowerPlex® ESX 16 kit (Promega, Madison) .......... 49 
Figure 6.3. Negative control DNA profile generated from the Applied Biosystems® Gene 
Mapper 4.1 software using the using the PowerPlex® ESX 16 kit (Promega, Madison) ......... 50 
ix  
Abbreviations and symbols 
 
Ct ...................................................................................................................... cycle threshold 
 
CE .............................................................................. capillary electrophoresis 
 
DNA ........................................................................... deoxyribonucleic acid 
 
EPG ............................................................................ electropherogram 
 
HREC ......................................................................... Human Research Ethics Committee 
 
IPC .............................................................................. internal positive control 
 
LCN.............................................................................low copy number 
 
MBG ........................................................................... molecular biology grade 
 








qPCR .......................................................................... real-time polymerase chain reaction 
 
RFLP .......................................................................... restriction length polymorphisms 
 
RFU ............................................................................ relative fluorescence units 
 
rpm ............................................................................. revolutions per minute 
 
SA .............................................................................. South Africa 
 
SAPS .......................................................................... South African Police Services 
 
SDS ............................................................................ sodium dodecyl sulphate 
 
SPSS ........................................................................... statistical package for the social sciences 
 
STRs ........................................................................... short tandem repeats 
 
VNTRs ........................................................................ variable number tandem repeats 
x  
XS ................................................................................ extra small 
 
µL ................................................................................ microlitre(s) 
 
% .................................................................................. percentage 
 
°C ................................................................................. degree celsius 
 
> ................................................................................... greater than 
 
< ................................................................................... less than 
 
*.................................................................................... asterisk 
Page 1 of 68  





Over the years, South Africa (SA) has experienced a considerable increase in crime. According 
to the Afrobarometer survey of 2016 (“Afrobarometer survey”, 2016), crime is ranked amongst 
the most important challenges facing the country, which government needs to address. Africa 
Check (2018) reported on SA murder rates based on the South African Police Services (SAPS) 
annual crime report, indicating SA murder rates increased by 6.9 % between 2017 and 2018, 
with approximately 57 murders a day (“Africa Check”, 2018). 
When a crime is committed, perpetrators often leave behind traces of their biological evidence 
which may provide an investigative lead to who was present on the crime scene (Thompson 
and Black, 2006). Biological evidence in the form of biological samples, is then collected by 
forensic crime scene investigators and submitted to forensic science laboratories for different 
analyses. One such analysis is deoxyribonucleic acid (DNA) analysis, which involves the 
isolation of genetic material (i.e. DNA) from the biological samples to generate a ‘DNA profile’ 
(Budowle et al., 2005). The resulting DNA profile is compared to DNA profiles generated from 
reference samples obtained from suspects, using a matching principle. Finding a match between 
these DNA profiles can ultimately lead to the identification of the perpetrators (Butler, 2015). 
DNA is a molecule found in the cells of organisms, which contains the genetic information 
passed on from parents to offspring (Singh, 2011). In the cells, DNA can either be found in the 
nucleus (nuclear or genomic DNA) or in the mitochondria (Siegel and Saukko, 2012). DNA 
can be recovered from a variety of biological samples, including hard or soft tissues from 
individuals (Beckett et al., 2008, Zgonjanin et al., 2017) as well as skin epithelial cells 
recovered from surfaces that have been in contact with individuals, which is known as touch 
DNA (Van Oorschot and Jones, 1997, Martin et al., 2018). Different types of devices are 
commercially available for the collection and recovery of DNA from biological samples, an 
example is that of cotton swabs, which are commonly used in the forensic setting (Brownlow 
et al., 2012, O’Brien et al., 2012, Bruijns et al., 2018). These biological samples are often in 
small amounts (Irwin et al., 2007) and recovery of DNA from these samples can be challenging. 
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This literature review will explain the methods used for DNA recovery from forensic samples, 
particularly from swabs. Emphasis will be on touch DNA samples, as well as buccal samples 
which are often collected from individuals as reference samples. Touch DNA samples are often 
compromised and only recovered in trace amounts, hence making the generation of usable 
profiles from these samples a challenge. The NucleoSpin® Forensic Filter is a relatively new 
product thought to improve DNA recovery from swabs, it has however not been thoroughly 
investigated on touch DNA samples. This literature review will also address this product by 
comparing it to other similar products that have been used in the field. 
 
 
1.2. Forensic genetics and human identification 
 
 
Forensic genetics involves the use of DNA in resolving criminal, civil and legalinvestigations 
(Arenas et al., 2017). It involves the analysis of non-coding regions of DNA to determine 
familial relationships (particularly in kinship and paternity testing), as well as to convict and 
exonerate suspects (Butler, 2011). DNA analysis is important because of its ability to connect 
or dissociate individuals from criminal investigations (Butler, 2015). 
Forensic DNA identification is achieved through a process called DNA profiling, which 
analyses DNA markers to generate a DNA profile (Singh, 2011, Puch-Solis et al., 2013). DNA 
consists of microsatellite regions with short repeat units, having between two to seven bases 
(Romsos and Vallone, 2015). These repeat units are called short tandem repeats (STRs) and 
their order within a DNA sequence is different between individuals (Moretti et al., 2001). A 
DNA profile thus is a combination of the variations at different non-coding DNA markers 
located throughout the genome (Carey and Mitnik, 2002). 
DNA profiling relies on the ability to find a match between reference samples obtained from 
suspects or suspected biological relatives and unknown samples (Alonso et al., 2005, Budowle 
et al., 2005, Prinz et al., 2007). If a match is found, statistical probabilities are calculated to 
determine the confidence of the match with a high discriminatory power (Parker et al., 2013). 
Forensic DNA analysis has become the gold standard for human identification globally (Butler, 
2005), as well as locally, in South Africa (Criminal Law (Forensic Procedures) Amendment 
Act, 2013). DNA profiles generated from forensic DNA analysis are stored on a national DNA 
database which keeps record of reference DNA profiles generated from unidentified human 
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remains, missing persons, arrestees or convicted offenders. Storing DNA profiles on a database 
enables computerised searching and possibly matching of the unknown profiles to reference 
profiles (Machado and Silva, 2014). In SA, the ‘DNA Act’ is the regulating legislation which 
regulates the National Forensic DNA Database (NFDD) (Criminal Law (Forensic Procedures) 
Amendment Act, 2013). 
DNA quantification by real-time polymerase chain reaction (qPCR) has become the standard 
way of measuring the amount of amplifiable DNA in a biological sample (Pineda et al., 2014). 
Based on the amount of DNA present, DNA may be diluted and then subjected to a multiplex 
PCR (Nicklas et al., 2003, Butler et al., 2004). Capillary electrophoresis (CE) is then used to 
separate PCR products according to size, particularly because different STR alleles will vary in 
terms of PCR product size (Alaeddini et al., 2010). The data generated by CE is displayed on a 
software program in the form of an electropherogram (EPG) (Puch-Solis et al., 2013). 
STR profiling permits the analysis of very small amounts of DNA (typically 0.5 ng - 1 ng) 
which are often encountered in forensic casework (Hughes-Stamm et al., 2011). STR analysis 
becomes particularly important when dealing with compromised forensic samples such as touch 
DNA samples which are often of low copy number. Low copy number (LCN) DNA refers to 
the DNA recovered in trace amounts, often with a template value less than 200 pg threshold 
level (Caddy et al., 2008). However, LCN DNA may refer to any sample thatshows stochastic 
effects such as allele drop-out, stutter peaks and peak imbalance during analysis (Puch‐Solis et 
al., 2009, Singh, 2011). 
In addition to LCN DNA, forensic casework samples may also be degraded through exposure 
of samples to extreme environmental conditions. This results in cell rupture (caused by physical 
agents or chemical reactions), which leads to fragmentation of the DNA molecule (Alaeddini 
et al., 2010, Frumkin et al., 2011). DNA degradation and LCN DNA may introduce problems 
during downstream PCR amplification, as the DNA is not intact or it is insufficient for analysis 
(Budowle et al., 2009). 
Another problem encountered when working with compromised forensic samples is PCR 
inhibition, which is a common cause of PCR failure with LCN DNA samples (Alaeddini, 2012). 
Substances such as heme in blood (Akane et al., 1994) and co-existing non-human DNA, that 
are present in the biological sample may interfere with the activity of DNA polymerase during 
PCR, leading to loss of amplification (Alaeddini et al., 2010). Optimising 
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DNA analysis methods to improve DNA recovery from forensic samples will minimise 
problems encountered in the downstream processing of samples to generate DNA profiles. 
 
 
1.3. Biological samples and swabs 
 
 
Biological evidence left at crime scenes as well as those recovered from individuals contain 
DNA in their cells (Siegel and Saukko, 2012). These samples are processed using molecular 
techniques to recover DNA (Rudin and Inman, 2001, Butler, 2011). They exist in a variety of 
forms, including blood, semen, buccal cells, teeth, bone, fingernails, and epithelial cells shed 
from the skin onto surfaces, i.e. from touch. These are the biological samples commonly 
submitted to forensic DNA laboratories for DNA profiling (Lee and Ladd, 2001), and the type 
of samples submitted to these laboratories depend on the purpose the samples will serve i.e. in 
burnt body cases, bone or teeth are collected for DNA extraction, since buccal or blood samples 
are usually unavailable (Calacal et al., 2015). Furthermore, sample collection also depends on 
the type of forensic case (Siriboonpiputtana et al., 2018). The amount of DNA recovered from 
biological samples is greatly affected by the state of the sample (i.e. fresh or dry), the 
technology used for DNA analysis and the type of substrate from which the samples are 
collected (Brownlow et al., 2012, Hess and Haas, 2017). 
 
 
1.3.1. Buccal cells 
As previously mentioned, forensic DNA profiling involves matching of unknown DNA profiles 
to reference DNA profiles. Buccal cells are often the sample of choice, collected to generate 
these reference DNA profiles. This is because the collection of buccal cells is non- invasive, 
feasible and generally painless (Beckett et al., 2008, Lindstrom, 2012). 
The collection of buccal cells is the gold standard for obtaining reference samples from 
individuals for forensic DNA profiling (Berger et al., 2013). In SA, the collection of buccal 
cells is governed by the Criminal Law (Forensic Procedures) Amendment Act, 37 of 2013, 
which provides for trained police officers to collect reference buccal samples fromindividuals 
who are required to provide these samples. Buccal cell collection thus involves rubbing a swab 




1.3.2. Touch DNA 
 
 
The contact made between an individual and a surface leaves a trace of their biological material 
(Locard, 1930). The biological material left on a surface during contact is often in the form of 
skin epithelial cells which may be recovered for DNA analysis to determine the identity of the 
individual (van Oorschot et al., 2010). The DNA recovered from these skin epithelial cells is 
known as touch DNA (Williamson, 2012). Touch DNA and LCN DNA have been used 
interchangeably (Gill et al., 2000, Gill, 2001), however there is a clear distinction between the 
terms (van Oorschot et al., 2010, Caragine et al., 2013). Touch DNA refers to any sample that 
originates from epithelial cells from the action of touching, and may fall below recommended 
thresholds at any stage of the analysis, from collection to interpretation (van Oorschot et al., 
2010). In contrast, LCN DNA specifically refers to samples that contain small amounts of 
starting DNA, independent of their biological origin (Caragine et al., 2013). Hence, touch DNA 
samples may also be LCN DNA samples, i.e. touch DNA is typically a form of LCN DNA. 
Touch DNA is often below normal detection limits during analysis, usually with a DNA 
concentration of 100 pg/µL (0.1 ng/µL) or less (van Oorschot et al., 2010). For this reason, 
forensic DNA laboratories seek to optimise touch DNA typing methods to improve the amount 
of DNA recovered from touch DNA samples (Lowe et al., 2002, Butler, 2005). 
To date, studies have obtained sufficient DNA yields from touch samples for DNA profiling 
(Phipps and Petricevic, 2007, Thomasma and Foran, 2013, Templeton et al., 2015, Phetpeng et 
al., 2015). The lowest DNA concentration to yield full DNA profiles was reported by van 
Oorschot et al. (2010) to be 0.025 ng/µL. This is in line with the 0.03 ng/µL suggested by Daly 
et al. (2012) as the cut-off DNA concentration for generating full DNA profiles. 
 
 
1.3.2.1. Collection method 
There are different methods used to recover touch DNA from handled items, which have been 
shown to affect the amount of usable DNA recovered for analysis (Stouder et al., 2001, Pang 
and Cheung, 2007, Hess and Haas, 2017). One such method is swabbing, which involves 
rubbing and rotating the swab head onto a touched surface to recover the deposited sample 
(Sweet et al., 1997, Pang and Cheung, 2007). Traditionally, studies have focused on the use of 
a single wet cotton swab for touch DNA collection (Lowe et al., 2002, Carey and Mitnik, 2002), 
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although Van Oorschot and Jones (1997), Van Hoofstat et al. (1999) and Ladd et al. (1999) 
have previously found the amount of touch DNA collected by a single moistened cotton swab 
to be less than half of the deposited sample. 
To improve touch DNA recovery, many studies have utilised two cotton swabs; rubbing the 
surface with a moistened swab, followed by a second dry swab (Van Oorschot et al., 2003, 
Pang and Cheung, 2007, Castella et al., 2006). These studies also found the second dry swab 
to recover more DNA than the initial moistened swab. This could be due to improved sample 
attachment onto the dry swab caused by hydration of the sample by the initial moistened swab 
(Pang and Cheung, 2007). 
Sterile water is commonly used to moisten swabs prior to touch DNA collection (Wickenheiser, 
2002, Pang and Cheung, 2007, Verdon et al., 2014). However, using water as a swabmoistening 
agent may not recover much of the touch DNA deposited, due to no interaction between water 
and sample components (van Oorschot et al., 2010). Although only a few studies have 
investigated swab moistening agents, they suggest that using detergents to moisten swabsmay 
improve sample recovery. For example, Thomasma and Foran (2013) compared different 
detergents and water as swabbing solutions and found that all detergents analysed outperformed 
water. This could be due to the amphiphilic nature of detergents, enabling them to solubilise 
cellular components (Templeton et al., 2015), and because detergents improve cell lysis during 
DNA extraction (Norris et al., 2007, Opel et al., 2010). 
 
 
1.3.2.2. Swab type 
Previous studies into the comparison of the efficacy of different swab types in touch DNA 
recovery from surfaces reported that the design of the swab greatly affects DNA recovery 
(Templeton et al., 2015, Verdon et al., 2014). Although different swab types exist, only a few 
have been thoroughly assessed to determine their ability to collect touch DNA from different 
surfaces. These include cotton, nylon flocked and foam swabs (Phetpeng et al., 2015). 
Cotton swabs have heads with a mattress design that are glued and tightly wound onto the 
wooden shaft. These fibres are absorbent and easy to moisten, allowing for fast and easy 
processing (Bruijns et al., 2018). The cotton swab fibres may, however, take a long time to dry 
after sample collection and they often detach from the shaft to accumulate in the sample 
mixture. This accumulation introduces problems such as PCR inhibition during downstream 
processing (Voorhees et al., 2006, Brownlow et al., 2012). Concomitantly, the design of the 
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cotton swab allows entrapment of a portion of the collected sample within the swab fibres, 
which potentially reduces sample release from the swab (Benschop et al., 2010). 
Flocked swabs on the other hand have hydrophilic fibres extending outward from a plastic shaft 
(Plaza et al., 2016). These swabs provide an increased surface area of fibres to accommodate 
for maximal sample collection (Benschop et al., 2010). Flocked swabs lack an absorbent inner 
core which facilitates sample entrapment, and for this reason, the manufacturer (COPAN, 
Brescia) claims that the swabs are effective at releasing samples, which may improve DNA 
recovery from the sample. In contrast, foam swabs have fibres that are not closely packed 
together but tightly wound to the shaft (Plaza et al., 2016, Bruijns et al., 2018). 
Different studies have investigated the three swab types described above by assessing their 
ability to collect and release touch DNA from various surfaces. Hansson et al. (2009) compared 
cotton, flocked and foam swabs for touch DNA collection from absorbent and non-absorbent 
surfaces. They did not find significant differences in touch DNA recovery from absorbent 
surfaces. However, the foam swab outperformed cotton and flocked swabs in collecting touch 
DNA from non-absorbent surfaces, whereby the flocked swab performed the poorest. 
Verdon et al. (2014) and Phetpeng et al. (2015) compared different swab types for touch DNA 
collection from different surfaces. Their results were similar to the findings of Hansson et al. 
(2009) in that nylon flocked swabs performed the poorest with all types of surfaces. The poor 
performance of flocked swabs could be due to the low absorbency of the swab, which makes 
moistening of the swab difficult (Phetpeng et al., 2015), thus often requiring a larger volume 
of the swab moistening agent which dilutes the sample. Foam swabs yielded the highest DNA 
concentrations from porous surfaces i.e. wood (Verdon et al., 2014), whereas cotton swabs 
yielded optimal results with nonporous surfaces (Phetpeng et al., 2015). 
Another study by Templeton et al. (2015) which also investigated the performance of cotton, 
flocked and foam swabs in touch DNA retrieval and release from plastic slides found 
contrasting results in that flocked swabs performed the best. Their results have shown that 
flocked swabs recovered considerable yields of DNA, generating full DNA profiles. It is 
noteworthy mentioning the difference in DNA analysis methods used by these studies, which 
may provide a reason for the optimal DNA recovery from flocked swabs. The studies described 
above have extracted DNA from the swabs prior to quantification, whereas Templeton et al. 
(2015) utilised the direct PCR method. Based on their results, Templeton et al. (2015) have 
suggested the use of direct PCR in touch DNA analysis. 
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While flocked swabs may not be good at touch DNA recovery and release, they may perform 
better with samples containing high amounts of starting DNA. Benschop et al. (2010) assessed 
the efficacy of cotton and flocked swabs in vaginal sampling. Their results showed that flocked 
swabs recovered approximately five to ten times more cells than cotton swabs. Moreover, 
flocked swabs were better at releasing vaginal cells during processing, with only 9 % of the 
collected sample retained on the swab when compared to cotton swabs which retained 30 % of 
the sample collected. These results correspond with findings of Dadhania et al. (2013) who 
found flocked swabs to perform better than cotton swabs at collecting bacteria and blood cells. 
The contrasting results from these studies show that there are various factors that affect swab 
performance, including the type of sample collected. Overall, the studies show that foam swabs 
may perform better than cotton and flocked swabs at collecting touch DNA. In contrast, flocked 
swabs are more effective than cotton and foam swabs in sample collection and releasing when 
processing samples with large amounts of starting DNA, such as blood. 
 
 
1.4. DNA analysis and assessment 
 
 
1.4.1. DNA recovery from swabs 
 
 
Collected samples should ideally be extracted from the swab as soon as possible after collection 
to minimise the chance of DNA fragmentation within the sample (Raymond et al., 2009, Ottoni 
et al., 2017). The storage method and conditions under which the swab is stored before DNA 
extraction greatly affects the amount of usable DNA recovered (Voorhees et al., 2006, 
Brownlow et al., 2012). Swabs may be air dried and stored in the freezer or they may be stored 
in preservation buffers after sample collection, which allows for long term storage (Beckett et 
al., 2008). The swab preservation methods stabilise DNA for long periods of time, enabling 
future analyses to be carried out on the samples (Karlsson et al., 2013). 
Similarly, the method used to process swabs prior to DNA analysis may influence the amount 
of recovered DNA. Brownlow et al. (2012) claims that removing the swab fibres from the shaft 
before DNA extraction recovers higher amounts of DNA than processing the swab head with 
the shaft attached. The authors proposed that by removing the swab fibres from the shaft, a 
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greater surface area was obtained, which potentially aided the process of cell lysis by the 
components of the extraction buffers. 
Studies have shown significant sample retention (over 50 %) onto the swab during processing 
(Windram et al., 2005, Adamowicz et al., 2014), indicating the need for improved sample 
release. Attempts to improve sample release from swabs have focused on utilising enzymes that 
fully digest swab fibres to increase the surface area, making cells in the sample more accessible 
during extraction (Voorhees et al., 2006, Norris et al., 2007). Benschop et al. (2010) and 
Dadhania et al. (2013) have suggested the use of swabs that are designed to allow for high 
sample release during processing such as nylon flocked swabs. 
Many studies have looked into optimising DNA recovery from swabs during DNA extraction 
by targeting different stages of the extraction process. Nori et al. (2015) argued for the use of 
short incubation times during DNA extraction, whereas van Oorschot et al. (2010) suggested 
the elution of DNA in smaller volumes during DNA extraction. Adamowicz et al. (2014) 
investigated a swab re-suspension method. They removed the swabs from the extraction buffer 
and placed them into spin baskets suspended in liquid buccal cell suspensions every 20 minutes 
of the one-hour incubation. Their results showed a two-fold increase in DNA recovery. 
Filter devices may improve DNA extraction due to high template binding onto the membrane 
filter during processing, as well as allowing for low elution volumes needed in forensic 
casework. However, only a few studies (Schiffner et al., 2005, Hudlow et al., 2011) have 
investigated the use of filter devices to clean up and concentrate DNA samples. Schiffner et al. 
(2005) assessed the efficacy of Microcon® 100 filter devices (Millipore, MA) in concentrating 
LCN DNA samples. They reported a significant increase in DNA recovery of LCN DNA 
samples utilising the filter device. 
A study by Hudlow et al. (2011) evaluated the efficacy of the NucleoSpin® XS centrifugation 
filter (Macherey-Nagel, Düren) in the clean-up and concentration of phenol-chloroform 
extracted DNA from blood, saliva and semen. Their results showed improved DNA recovery, 
with 100 % detection of all expected alleles in the DNA profiling step. It should however be 
noted that these filter devices are post extraction filters that are used during the DNA elution 
step, for concentrating and purifying the recovered DNA. 
NucleoSpin® Forensic Filters, however, are used to improve removal of cells from swabs during 
a centrifugation step during the first stage in DNA extraction. The manufacturerclaims that 
assessment of the filter has shown up to 60 % increase in DNA recovery from swabs, when 
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compared to their standard DNA extraction methods. This increase in DNA recovery resulted 
from the improved release of cells from substrates (i.e. swabs), during DNA a centrifugation 
step in the DNA extraction workflow. To date there are no known studies that have evaluated 
these NucleoSpin® Forensic Filters. 
Although the NucleoSpin® Forensic Filter has not been investigated in depth, there are similar 
products from other companies that have been used in the field. One example is the 
Investigator® Lyse & Spin Basket from Qiagen (Hilden, Germany). In a validation study, Cole 
(2019) investigated the performance of the Investigator® Lyse & spin basket (Qiagen, Hilden) 
in DNA recovery from blood, saliva and touch DNA. They compared the Investigator® Lyse & 
spin basket to the basket validated for use in their laboratory. They did not find significant 
differences in DNA recovery from touch DNA samples, however the Investigator® Lyse & spin 
basket performed the poorest in DNA recovery from blood and saliva samples. The author 
attributes this poor performance to the design of the basket; having small openings and a 
membrane over the openings which retain a portion of the sample during processing. 
A study by Ambers et al. (2018) incorporated Nucleic Acid Optimiser (NAO®) spin baskets 
(Copan, Brescia) in their DNA extraction protocol to extract DNA from blood and saliva 
samples and found no improvement in DNA recovery. Similarly, Adamowicz et al. (2014) 
obtained low DNA yields from buccal samples extracted using DNA IQ™ spin baskets 
(Promega, Madison). 
Overall, these studies did not show improved DNA recovery from samples analysed. This 
necessitates the need to investigate NucleoSpin® Forensic Filters, to assess whether DNA 




The SA crime rates increase on a day to day basis. One of the key investigative tools in forensic 
casework is DNA analysis, to aid in the identification of perpetrators. Due to the nature of 
forensic casework, evidentiary samples are often in trace amounts and DNA recovered from 
these samples is not always sufficient for downstream analyses. 
It is thus imperative to optimise DNA extraction methods to improve DNA recovery from 
forensic samples. This is particularly important because LCN DNA is commonly encountered 
with touch DNA samples, which often leads to partial DNA profiles. The NucleoSpin® Forensic 
Filter is a relatively new product which has claimed to improve DNA recovery, however, this 
product has not been thoroughly studied. 
If DNA recovery is optimised, there are greater chances that better quality DNA profiles will 
be generated and loaded onto the NFDD. Better quality profiles on the NFDD will improve the 
matching potential for reference profiles, thereby enabling identification of individuals who 
were on crime scenes. This is an important response to the high crime rates in SA and in the 
identification of potential suspects. 
 
 




The aim of this study is to evaluate the effect of NucleoSpin® Forensic Filters on touch DNA 





• To collect buccal cells (controls) and touch DNA from individuals using cotton and 
flocked swabs. 
• To extract DNA from these cotton and flocked swabs with and without NucleoSpin® 
Forensic Filters. 
• To compare the quantity of DNA obtained when NucleoSpin® Forensic Filters were 






Literature has shown that the design of the flocked swab enables high sample recovery and 
release from the swab. Flocked swabs seem to release cells, better than cotton swabs, the latter 
retaining a portion of the collected sample within the swab fibres. Due to the theoretical better 
release of cells from flocked swabs, a considerable amount of the sample should be released by 
the swab without the aid of the filter. It is therefore hypothesised that the use of filters will not 
significantly increase DNA recovery from flocked swabs. However, we hypothesise that 
NucleoSpin® Forensic Filters will increase DNA recovery from cotton swabs. These 
hypotheses are independent of sample type. 
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Chapter 2: Materials and Methods 
 
2.1. Study design 
 
A prospective and experimental study was conducted to evaluate the effect of NucleoSpin® 
Forensic Filters (Macherey-Nagel, Düren) on DNA extraction yield from cotton and flocked 
swabs. This was achieved by assessing DNA concentration and purity (dependent variables), 
from two swab types (cotton and flocked swabs) from two sample types (buccal cells and touch 
DNA), when extracted with and without NucleoSpin® Forensic Filters (independent variables). 
The study received ethical approval, following review by the Human Research Ethics 





2.2.1. Study population 
 
A total of 25 individuals from the Faculty of Health Sciences, University of Cape Town were 
recruited for the current study following voluntary participation, for which informed consent 
was given (Appendix B). All participants recruited in the study were 18 years or older at the 
time of sample collection. 
 
 
2.3. Sample collection 
 
Buccal cells, through the process of swabbing, were collected from 25 volunteers. Participants 
rinsed their mouths using tap water and refrained from eating and drinking for 30 minutes prior 
to providing a buccal sample. A total of four swabs; two cotton (Copan, Brescia) and two 
flocked (FLOQSwabs™, Copan Flock Technologies, Brescia) were used to collect buccal cells 
from each individual (Table 2.1). The collection procedure involved rubbing a dry swab against 
the inside of the individual’s cheek for 30 seconds. The swabs were subsequently left to air dry 
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before being re-packaged into the swab tube. The participants collected their own buccal 
samples in a private space. 
Touch DNA was also collected from the participants. This process involved swabbing a pre- 
cleaned bench surface for the presence of DNA left as a result of touching. Specifically, a 
laboratory bench was cleaned with 5 % bleach, followed by distilled water and lastly, 70 % 
ethanol. The participants were asked to rinse their hands with water and allow them to 
completely air dry to remove exogenous DNA. The participants were then instructed to rub 
their hands together for one minute and subsequently touch a designated area of the cleaned 
bench surface with back and forth motion and downward pressure. Four swabs (two cotton and 
two flocked) were each moistened with 2 µL of 2 % sodium dodecyl sulphate (SDS) (Sigma- 
Aldrich, St. Louis) and then used to swab different areas of the touched surface. This was done 
for each of the 25 participants (Table 2.1). The swabs were allowed to air-dry and then were 
placed back into the labelled swab tubes. The samples were assigned a unique alpha-numeric 
code to maintain confidentiality. 
 
 
Table 2.1. Table showing the independent variables and how many swabs were collected from each of the eight 
combination of variables. 
 
 







Touch DNA Cotton swab n = 25 n = 25 n = 50 
Flocked swab n = 25 n = 25 n = 50 
Buccal cells 
(controls) 
Cotton swab n = 25 n = 25 n = 50 
Flocked swab n = 25 n = 25 n = 50 





2.4. Sample processing 
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2.4.1. DNA extraction 
 
DNA was extracted from all swabs (n = 200) immediately after sample collection. The cotton 
swab fibres were completely removed from the wooden shafts as described by (Brownlow et 
al., 2012) using a new, sterile scalpel blade (Hi-Care, Johannesburg) and inserted into 1.5 mL 
microcentrifuge tubes. The flocked swab heads were snapped off their shafts and were also 
placed into 1.5 mL microcentrifuge tubes. NucleoSpin® Forensic Filters were placed in tubes 
corresponding to one cotton and one flocked swab for every set of swabs from an individual. 
 
DNA extraction was performed according to the procedures outlined in the NucleoSpin® DNA 
Forensic Kit user manual (Macherey-Nagel, Düren). Centrifugation steps occurred in the 5417C 
centrifuge (Eppendorf, Hamburg). For the incubation step, tubes were securely sealed with 
parafilm and incubated with shaking in a Thermomixer F2.0 (Eppendorf, Hamburg) for two 
hours at 56 o C and 500 rpm. DNA was eluted into 35 µL of FOE elution buffer (5 mM 
Tris/HCL, pH 8.5) which was preheated to 70 o C. The elution step was repeated with the same 
NucleoSpin® DNA Forensic Column using another 35 µL of the FOE elution buffer, resulting 
in two DNA eluates of 35 µL each per sample. The DNA samples were stored at 4 o C for the 
duration of the study. 
 
 
2.4.2. DNA quantification 
 
 
2.4.2.1. Qubit™ fluorometry 
To assess the quantity of double-stranded DNA, samples were quantified using the Qubit™ 4 
Fluorometer (Thermo Fisher Scientific, Waltham), and the accompanying Qubit™ dsDNA High 
Sensitivity (range: 0.01 ng/µL – 10 ng/µL) and Broad Range (range: 0.1 ng/µL – 100 ng/µL) 
Assay Kits (Invitrogen, Thermo Fisher Scientific, Waltham). DNA quantification using this 
system was performed in accordance with the protocol outlined in the Qubit™ 4 Fluorometer 




2.4.2.2. Real-time PCR 
The 7500 Real-Time PCR instrument (Applied Biosystems, Foster) was used along with the 
Quantifiler® Human DNA Quantification Kit (Applied Biosystems, Foster) to quantify the 
amount of human DNA present in extracted DNA samples. A total of 2 µL of each sample and 
standard was quantified. If samples were > 50 ng/µL according to Qubit™ measurements, they 
were diluted with molecular biology grade (MBG) water (Lonza, Basel) prior to qPCR, in order 
to fit within the range of the qPCR standard curve (0.023 ng/µL – 50 ng/µL). 
The Quantifiler® Human DNA Standard (200 ng/µL) (Applied Biosystems, Foster) was diluted 
in duplicate using a serial dilution of three, using MBG water (Lonza, Basel). The eight 
dilutions of known concentration (in duplicate) were used to generate a standard curve from 
which DNA concentrations were determined using the cycle threshold (Ct) values. A kit- 
specific internal PCR control (IPC) was included to assess PCR inhibition by determining 
whether the sample IPC Ct values fell within the range established by the manufacturer. A no 
template control (MBG water) was also included in the qPCR experiment. 
 
 
2.4.3. DNA profiling 
 
 
Touch DNA samples which had DNA concentrations greater than 0.000 ng/µL (as established 
by qPCR) were selected for DNA profiling. One sample from the buccal swabs per individual 
was also included for DNA profiling, which was used as a control to assess accordance of alleles 
from touch DNA samples. DNA (0.5 ng, or as much as possible up to 0.5 ng) was subjected to 
multiplex PCR on the T100™ Thermal Cycler (Bio-Rad, Hercules) using the PowerPlex® ESX 
16 kit (Promega, Madison) which amplifies fifteen STR loci plus amelogenin. 
The post-PCR products were then separated by capillary electrophoresis on the 3130xl Genetic 
Analyser (Applied Biosystems, Foster) coupled with the Gene Mapper 4.1 software (Applied 
Biosystems, Foster). The assay was performed according to the PowerPlex® ESX 16 kit user 
manual (Promega, Madison) and a 50 cm array POP-7 was used for the analysis. The capillary 
electrophoresis run was set for 1 800 seconds with an injection time of 16 seconds and injection 
voltage of 15.0 V. DNA profile success was assessed by counting the number of peaks that met 
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the analytical threshold (50 RFU). Samples were stored at - 20 °C after all laboratory analyses 
had been completed, in accordance with the internal standard operating procedure. 
 
 
2.5. Data and statistical analysis 
 
Statistical analysis was performed on the results to assess significant differences in DNA quality 
and quantity between different groups. The groups analysed were as follows: (i) sample type 
(buccal versus touch) (ii) swab type (cotton versus flocked), and (iii) presence orabsence of 
filters. Shapiro Wilk tests were performed to determine normal distribution of the data, whereas 
the Wilcoxon sum rank test was performed to determine significant differences between the 
groups analysed. Furthermore, the Spearman’s rank correlation coefficient was used to assess 
correlation between DNA concentration and DNA profiling success. All statistical analyses 
were performed using IBM SPSS version 25 (SPSS Inc., Chicago) and GraphPad Prism 8.3.1 




Chapter 3: Results 
 
3.1. Assessment of DNA quantity 
 
 
Each of the 200 DNA samples was assessed in terms of concentration, using fluorometry and 
qPCR. In addition, DNA profiling success was measured in touch DNA samples where DNA 
was detectable during qPCR (n = 77). A full table of results is available in Appendix F. The 
relationship between each of the dependant variables was measured against each of the 
independent variables using statistical tests and is presented below. A table of p-values is 
presented in Appendix G. 
 
 
3.1.1. DNA concentration 
The use of a filter with flocked swabs resulted in significantly higher DNA concentrations from 
buccal samples (p < 0.05) (Figure 3.1). Similarly, when filters were used, DNA concentrations 
were higher for flocked swabs than cotton swabs for buccal samples (p < 0.05). No significant 
differences were seen for all other buccal samples combinations or touch DNA samples. 
 
 
Figure 3.1. DNA concentrations of buccal and touch DNA samples measured using qPCR. The asterisks (*) 




























The DNA concentrations produced by quantification on qPCR were plotted against a subset of 
the DNA concentrations recorded by Qubit™ fluorometry to determine the proportion of human 
DNA (qPCR DNA concentrations) relative to double stranded DNA (Qubit™ DNA 
concentration) for touch DNA samples and buccal samples (Figure 3.2). 
 
 
Flocked swabs recovered higher human DNA yields and total DNA yields than cotton swabs 
from buccal samples. The use of filters resulted in lower human DNA yields and total DNA 
yields from buccal samples. In contrast, flocked swabs had lower total DNA yields from touch 
DNA samples, however the proportion of human DNA was greater compared to those obtained 
using cotton swabs. As opposed to buccal samples, the use of filters improved the proportion 


































Figure 3.2. The percentage of human DNA (qPCR DNA concentration) out of double stranded DNA (Qubit™ DNA 
concentration). The red bars represent concentrations of DNA measured by Qubit™ fluorometry and the blue bars indicate 

































































3.2. DNA profiling 
 
 
3.2.1. DNA profiling success 
 
DNA profiles were analysed by grouping results into three different categories based on the 
number of STR markers called; fail (0 – 3.5 markers), partial (4 – 11.5 markers) and full (12 – 15 
markers) (Figure 3.3). Sixteen touch DNA samples yielded full DNA profiles (16 %), partialDNA 
profiles were recovered from 28 touch DNA samples (28 %) and 56 touch DNA samplesgenerated 









Figure 3.3. Pie chart showing DNA profiling success of 100 touch DNA samples. The blue, red and green 





The Spearman’s rank correlation coefficient test showed a slight positive correlation between 
DNA concentration and the number of STR markers recovered per sample (r2 = 0.57, p < 










Figure 3.4. Scatter plot showing a slight correlation between qPCR DNA concentrations and the 







Only 77 of the 100 touch DNA samples showed any amplifiable DNA on qPCR, and these were 
subjected to DNA profiling. The samples where no DNA was detected using qPCR were 
automatically interpreted as ‘failed’ DNA profiles with 0 peaks present. No significant 
differences were seen in the number of STR markers yielded by touch DNA samples for both 
swab types when filters were used and not used (Figure 3.5). However, the median number of 







Figure 3.5. Number of STR markers recovered during DNA profiling of touch DNA samples. The abbreviation NS indicates no 





















Chapter 4: Discussion and conclusion 
 
The increasing crime rates in SA have highlighted the importance to improve methods of 
identifying perpetrators of crimes. The application of DNA analysis to SA forensic 
investigations has enabled identification of biological evidence left by perpetrators at scenes of 
crime (Goodwin and Meintjes-Van Der Walt, 1997). Due to low DNA recovery from touch 
DNA samples, however, there is scope to improve methods that recover DNA from touch 
samples. 
This study aimed at assessing the effect of NucleoSpin® Forensic Filters on touch DNA 
recovery from cotton and flocked swabs. DNA recovery was assessed by measuring 
concentration of different targets of DNA (double stranded DNA and human DNA) using two 
different DNA quantification methods; Qubit™ fluorometry and qPCR respectively. Since 
human DNA is the target of interest, analysis of DNA concentration data was primarily based 
on qPCR results, and Qubit™ results provided a means to assess the proportion of human DNA 
within the total DNA extracted. DNA profiling was performed to assess filter performance on 




4.1. Does the NucleoSpin® Forensic Filter improve DNA recovery 
from swabs? 
 
The reviewed literature has shown that, although cotton swabs may be effective at collecting 
samples from surfaces, they may not be best at sample release during DNA extraction (Dadhania 
et al., 2013, Bruijns et al., 2018). The argument of poor sample release from cotton swabs can 
be explained by the nature of the cotton swab fibres which retain a portion of the collected 
sample during processing (Benschop et al., 2010). It was therefore hypothesized that 
NucleoSpin® Forensic Filters would improve DNA recovery from cotton swabs, regardless of 
sample type. Contrary to the hypothesis, the use of filters did not improve DNA recovery from 
cotton swabs for both sample types (Figure 3.1). 
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Research has shown high sample release and DNA recovery from flocked swabs, owing to the 
design of the swab (Templeton et al., 2015, Bruijns et al., 2018). However, studies have 
attributed the high recovery of DNA from flocked swabs to samples containing high amounts 
of starting DNA (Benschop et al., 2010, Dadhania et al., 2013). It was hypothesised that 
NucleoSpin® Forensic Filters would not improve DNA recovery from flocked swabs as much 
as it would for cotton swabs. It was therefore not surprising, that the filters did not significantly 
improve DNA yield from flocked swabs used to collect touch DNA (Figure 3.1). 
However, the combination of flocked swabs with filters produced significantly higher DNA 
concentrations than flocked swabs without filters from buccal samples (p < 0.05) (Figure 3.1). 
This observation may be attributed to compatibility of NucleoSpin® Forensic Filters with 
flocked swabs in situations of high cell content. However, this was the only situation where 
NucleoSpin® Forensic Filters improved DNA recovery from swabs and supported the 
manufacturer’s claim. 
Moreover, flocked swabs also yielded higher DNA yields than cotton swabs when filters were 
used, with significant differences at p < 0.05 (Figure 3.1). The higher DNA yields produced by 
flocked swabs could be explained by the better performance of flocked swabs in DNA recovery 
from samples containing high amounts of starting DNA (Dadhania et al., 2013). As shown by 
the reviewed literature, studies have obtained higher DNA yields from flocked swabs when 
compared to cotton swabs (Benschop et al., 2010, Bruijns et al., 2018). The authors attribute 
these higher DNA yields to the loosely packed design of the flocked swab fibres as well as lack 
of an absorbent internal core, which allows for maximal release of samples during processing. 
The use of filters with touch DNA samples did not result in significant differences between 
DNA concentrations recovered from both swab types (Figure 3.1). One reason for this 
observation could be that the filters are not effective at releasing trace samples (i.e. touch DNA) 
from swabs, regardless of swab type. The poor performance of filters could also be explained 
by the design of the filter as Cole (2019) previously described, where filters with small pores 
prevented flow through of the cells. 
Similarly, Ambers et al. (2018) and Cole (2019) did not find significant differences in touch 
DNA concentrations recovered by the Investigator® Lyse & Spin basket, when compared with 
touch DNA recovery by spin baskets from other companies. 
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DNA was only recovered from 77 touch DNA samples. The remaining 23 samples had no 
amplifiable DNA (n = 0.00 ng/µL) when quantified by qPCR. 
Only 16 % (n = 16) of the touch DNA samples produced full DNA profiles. The flocked swab 
without a filter combination contributed the largest number, having six samples out the sixteen 
samples that produced full DNA profiles. The cotton swab without a filter, cotton swab with a 
filter and the flocked swab with a filter combinations comprised of five, three and two samples 
respectively. Partial DNA profiles were recovered from 28 % (n = 28) of the samples. The 
remaining 56 % of the samples constituted of failed DNA profiles. 
The use of filters did not show significant differences in the number of STR markers recovered 
from cotton and flocked swabs for touch DNA samples. Although not significantly different, 
the number of STR markers were more when filters were not used for both swab types. This 
shows that the filters did not improve the success of DNA profiles. 
Amongst the 77 touch DNA samples there were almost equal numbers of samples from each 
of the four categories; i.e. cotton swabs without filters (n = 20), cotton swabs without filters (n 
= 19), flocked swabs with filters (n = 19) and flocked swabs without filters (n = 19). The 
samples which had no amplifiable DNA were mostly from the same six individuals. This may 
be explained by many factors, including the shedder status (Lowe et al., 2002), the type of hand 
used to deposit touch DNA (Daly et al., 2012), the type of substrate (i.e. porous versus non- 
porous or absorbent versus non-absorbent) (Wickenheiser, 2002), as well as the activities of the 
donor prior to touch DNA transfer, such as handwashing (Phipps and Petricevic, 2007). 
The majority of above-mentioned variables were controlled in the current study, however, 
shedding could not be controlled. In a study aiming to improve touch DNA collection from 
surfaces, Pang and Cheung (2007) found that it may be impossible for individuals to deposit a 
controlled number of cells onto surfaces. The amount of epithelial cells transferred to handled 
items differ between individuals, as well as between repeated trials from a single individual, 
showing interindividual variability (Phipps and Petricevic, 2007). This uncontrolled shedding 
of cells can be attributed to the differences in DNA concentrations between individuals seen in 
this study. 
In the current study for example, the highest touch DNA concentrations were all recovered from 
the four swabs collected from the same individual (Appendix F). The lowest of these DNA 
concentrations was from a flocked swab extracted without a filter (0.12 ng/µL), followedby 
flocked swab with a filter (0.18 ng/µL), cotton swab without a filter (0.27 ng/µL) and cotton 
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swab with a filter yielded the highest DNA concentration of 0.49 ng/µL. DNA concentrations 
recovered from all other samples were below 0.10 ng/µL. The high DNA concentrations 
recovered from the same individual highlights the differences in the propensity of individuals 
to transfer touch DNA to surfaces. This means that, although there were no apparent differences 
in touch DNA concentrations when the filters were used, there seems to be a difference in DNA 
recovery per individual. 
Other studies have also obtained varied DNA concentrations, with the highest concentrations 
recovered from samples deposited by the same individual on all surfaces analysed (Lowe et al., 
2002, Phipps and Petricevic, 2007, Goray et al., 2016). In a different study, Phipps and 
Petricevic (2007) investigated the shedder status of individuals. Their results showed that DNA 
profiles of varying completeness were generated from the same individual at different times of 
the day, for all individuals. They concluded that classifying individuals as bad or good shedders 
may be misleading, since the type of DNA profile (i.e. fail, partial or full) generated from each 
individual at different times of the day was not same. Another factor that affect DNA recovery 
is the type of substrate from which touch DNA is collected. Porous and absorbent surfaces 
entrap a portion of the sample, hence resulting in low DNA recovery (Wickenheiser, 2002, 
Hansson et al., 2009). 
The type of hand (Wickenheiser, 2002) and/or finger (Thomasma and Foran, 2013) used to 
deposit touch DNA to surfaces has also been shown to affect shedding. The dominant hand and 
fingers of an individual are used the most, for example touching the face or other body parts, 
as a result, they often have larger amounts of epithelial cells. Although dominant hands and 
fingers shed the highest amounts of epithelial cells, Stanciu et al. (2015) reported that the 
number of epithelial cell transferred cannot be considered a reliable indicator of touch DNA 
recovery, since they did not find correlation between the number of cells collected and touch 
DNA recovery. 
Overall, the NucleoSpin® Forensic Filters did not improve DNA recovery or DNA profiling 
success from touch DNA samples. The results of this study do not support incorporation if these 
filters into the forensic DNA extraction workflow. The only instance filters yielded higher DNA 
concentrations was when flocked swabs collected buccal samples. However, DNA from buccal 
samples can be recovered in high amounts sufficient for generating full DNA profiles, without 
the aid of filters. The additional cost of the filters is therefore not warranted for touch DNA or 
buccal samples, from either swab type. 
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4.2. How does DNA recovery and DNA profiling success compare 
between protocols using the NucleoSpin® Forensic Filter and filters by 
other manufacturers? 
 
In evaluating the performance of NucleoSpin® Forensic Filters, the results of this study were 
compared to the results obtained from similar products from other companies 
Adamowicz et al. (2014) used DNA IQ™ spin baskets (Promega, Madison) to extract buccal 
cells from cotton swabs and also recovered low DNA yields. Their results showed yields of 
DNA even lower than the DNA yields recovered from the equivalent sample and swab type in 
the current study. DNA concentrations reported by Ambers et al. (2018) blood and saliva 
samples extracted using Nucleic Acid Optimiser (NAO®) spin baskets (Copan, Brescia) were 
also lower than those obtained in this study. 
Recovery of touch DNA from swabs is consistently low, even when attempts have been made 
to improve DNA recovery (Lowe et al., 2002, Pang and Cheung, 2007, van Oorschot et al., 
2010). Stanciu et al. (2015) extracted touch DNA from different swabs using the Investigator® 
Lyse & Spin basket (Qiagen, Hilden) and recovered low DNA concentrations. They showed 
that only 18.7 % of the samples analysed contained amplifiable DNA during DNA 
quantification. Again, this was lower than the 77 % of touch DNA observed in the current study, 
which suggests that the methods used in this study were perhaps better optimised than those of 
Stanciu et al. (2015). 
 
 
While DNA recovery seemed to be better in this study, it did not translate to better DNA profile 
success compared to other studies. Daly et al. (2012) obtained full DNA profiles from 36 % of 
the touch DNA samples analysed (n = 300) and Templeton et al. (2013) obtained full DNA 
profiles from all touch DNA samples analysed (n = 3) by direct PCR. These results were both 
superior to the 16 % of full DNA profiles from touch DNA samples reported in the current 
study. 
In this study, a full DNA profile could be obtained from a DNA concentration as low as 0.0032 
ng/µL, corresponding to a flocked swab sample with a filter. This touch DNA concentration 
was lower than the cut-off DNA concentration for producing DNA profiles (0.03 ng/µL) 
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suggested by van Oorschot et al. (2010) and Daly et al. (2012). Another study by Templeton et 
al. (2015) that collected touch DNA from different surfaces only obtained full DNA profiles 
from porous surfaces from DNA concentrations of 0.5 ng/µL. 
The authors, van Oorschot et al. (2010) correlate generation of full DNA profiles from touch 
DNA samples to DNA recovery. To assess correlation between DNA concentration and DNA 
profiling success (i.e. number of STR markers called), the Spearman’s rank correlation 
coefficient test was performed, which showed an r2 value of 0.57. This shows that there was 
only a slight positive correlation between DNA concentration and the number of markers called 
(Figure 3.5). These results are perhaps in line with the findings of Goray et al. (2016) who 
found a poor correlation between DNA concentration and the number STR of alleles. Therefore, 
while efforts to improve DNA recovery from touch DNA samples is one aspect, efforts to 
improve the purity and integrity of touch DNA samples should also be considered. 
 
 
4.3. Improving touch DNA recovery and DNA profiling success 
 
The fact that DNA could not be obtained from all 100 touch DNA samples highlightsroom for 
improvement in the overall DNA profiling workflow. These results show that there is scope to 
optimise touch DNA recovery and analysis, by targeting different stages of the analysis 
workflow. The sampling method utilised in the current study involved moistening a swab with 
a detergent (2 % SDS) and collecting touch DNA from a porous surface (i.e. laboratory bench) 
through swabbing. This method was developed in accordance with the findings of a study by 
Thomasma and Foran (2013) who compared the efficacy of different swab moistening solutions 
in DNA recovery and obtained optimal results from 2 % SDS. 
The literature has shown that using foam swabs in touch DNA collection may be a better option, 
since they seem to perform better than the widely used cotton and flocked swabs (Hansson et 
al., 2009, Verdon et al., 2014, Phetpeng et al., 2015). Another approach to possibly improve 
touch DNA collection involves the use of adhesive tapes to lift epithelial cells from surfaces. 
Tape lifting recovers higher amounts of epithelial cells than swabbing, due to the sticky surfaces 
of the adhesive tapes which allows for higher attachment of cells onto the tape (Gunnarsson et 
al., 2010, Hess and Haas, 2017). 
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However, studies have also found no correlation between the number of epithelial cells 
collected and the amount of touch DNA recovered (Stanciu et al., 2015). Rather, emphasis 
should be placed on the preservation and storage of collected epithelial cells, as well as 
improving the recovery of touch DNA from these epithelial cells. 
In the current study, DNA was extracted on the same day of collection to prevent degradation. 
However, some studies have made use of different swab preservation methods which stabilise 
DNA in the sample until analysis (Beckett et al., 2008). 
For example, swabs can be air-dried at room temperature or stored in specialised swab 
collection tubes containing a drying agent that facilitates drying of the swab, an example is the 
forensiX evidence collection tube (Prionics AG, Schlieren-Zürich). These swabs can then be 
stored in the freezer at – 20 °C for long term storage, while maintaining stability of the DNA in 
the sample (Garvin et al., 2013). Alternatively, swabs may be preserved in buffers which inhibit 
bacterial growth and prevent fragmentation of DNA within the sample, such as DNA/RNA 
Shield™ (Zymo Research, Irvine). Buffer preserved swabs can be stored for long periods until 
analysis (Burgos et al., 2017, Menke et al., 2017). 
One commonly used method that has been shown to generate higher DNA profiling success 
from touch samples is direct PCR. This method eliminates the DNA extraction and 
quantification steps because the swabs used for direct amplification are treated with a buffer 
which facilitates lysis of the sample on the swab fibres (Cavanaugh and Bathrick, 2018). 
Consequently, the swabs are subjected directly to PCR. Direct PCR minimises the chances of 
cross contamination and sample loss by eliminating DNA extraction which often involves 
sample transfer between tubes. The design of these swabs allows for the consumption of only 
small amounts of the sample, enabling future reanalyses which are often needed in LCN 
analyses. An example is the microFLOQ® direct swab from Copan (Brescia) (Templeton et al., 
2013, Ambers et al., 2018). 
Templeton et al. (2015) compared touch DNA recovery between direct PCR and a column- 
based DNA extraction method. Their results showed improved DNA yields from direct PCR, 
and improved DNA profiling success. Similar results were shown by Templeton et al. (2013) 
and Ottens et al. (2013), in that they obtained higher touch DNA yields and full DNA profiles 






Some of the limitations of the study have been already discussed in the chapter, such as 
variables (e.g. foam swabs) which could have been assessed alongside this study. While these 
were beyond the scope of this minor dissertation, these are important next steps in future. 
Although this study was a preliminary study and the first step in assessing the effect of 
NucleoSpin® Forensic Filters on touch DNA recovery, the sample size (n = 25) of study 
relatively small. Due to the different shedder statuses of participants, DNA was not recovered 
from most samples provided by six individuals. The effect of the NucleoSpin® Forensic Filters 
was therefore essentially only assessed on samples from 19 individuals. Furthermore, small 
sample sizes are prone to false positive results. Since the amount of DNA recovered from 
different individuals can never be controlled for, it is important to increase the sample in order 






NucleoSpin® Forensic Filters did not improve DNA yield or DNA profiling success from cotton 
swabs for both sample types and flocked swabs from touch DNA samples. The filters may have 
been effective with buccal samples from flocked swabs, but buccal samples can yield high 
amounts of DNA, yielding full DNA profiles without the aid of filters. Therefore, NucleoSpin® 
Forensic Filters should not be incorporated in the DNA extraction workflow. Further, only 16 
% of samples recovered full DNA profiles, which highlights the need to optimise touch DNA 
analysis methods, for human identification applications. Future work should focus on 
increasing sample size as well as improving other steps in the collection and the downstream 
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6. Appendices












Appendix B: Information and Informed consent form 
 
 




Title of project: Investigating the effect of NucleoSpin® Forensic Filters in DNA 
extraction yield from swabs 
 
 
Investigators: Dr Laura Heathfield (Principal investigator) 
Dr Andrea Gibbon (Co-investigator) 
Calvin Mole (Co-investigator) 




Currently, there is a large number of biological samples and unclaimed human remains that are 
unidentified in South Africa. DNA analysis is method used in forensic science to assist with 
identifying who the biological remains belong to. This is done by a method called ‘DNA 
profiling’ which studies a small portion of the DNA which differs between people. 
 
DNA is a molecule found in the cells of all living organisms, including human beings. It 
contains the genetic information which is inherited from both parents and contains instructions 
for the body to work. Most of the DNA between people is the same, but there is a small portion 
that varies between people. In forensics, we are interested in these variable regions because 
statistically, there is an extremely low chance that two people will share the same combination 
of variations in their DNA. Identification is achieved by a matching principle, where the ‘DNA 
profile’ from a biological sample matches that of a known individual. 
 
Forensic DNA analysis is done by the state, but they often struggle to recover DNA from 
biological samples and human remains. There is a need to improve DNA recovery from these 
samples, as increased yield of DNA will be helpful in the overall identification process. 
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A new product, the NucleoSpin® Forensic Filter was recently developed for use in DNA 
analysis. These filters are thought to improve the recovery and purity of DNA from samples. 
This study wants to investigate if these filters really do improve DNA recovery from biological 
samples – especially those which only have a small amount of starting DNA. This project will 
be conducted in 2019, in Cape Town (South Africa) and it forms part of an MPhil project within 
the Division of Forensic Medicine and Toxicology at the University of Cape Town. 
 
What do we need from you? 
To do our project, we need to collect DNA samples from people, and we are asking if you 
would be willing to donate samples. We would like to collect buccal (inner cheek) cells from 
the inside of your mouth. This will be done by gently rubbing the inside of your cheeks up and 
down for about 30 seconds using two cotton and two flocked swabs. For comfort purposes, you 
may collect your own buccal cells under the supervision of the researcher, and this will be done 
in a private space. You will also be asked to wash your hands without soap, and then touch the 
laboratory bench surface with moderate pressure for about twenty seconds. This will transfer 
your skin epithelial cells onto the bench surface, which will allow for collection of touch DNA 
by the researcher using four swabs. 
 
All the swabs will undergo DNA extraction, with and without NucleoSpin® Forensic Filters. 
The extracted DNA will then undergo a series of molecular tests in the laboratory to study the 
amount of DNA and the quality of the DNA that we were able to extract. This will include 
seeing if we are able to generate something called a ‘DNA profile’, which is the standard test 
of forensic laboratories. This DNA profile will not be able to tell anything about you, other than 
your sex. The swabs that we use will be discarded after DNA has been extracted. The DNA 
sample will be stored in an access-controlled laboratory within the Division of Forensic 
Medicine and Toxicology at the University of Cape Town for the duration of the project. Once 
the study is complete, the DNA will be discarded, unless you indicate that you would like us to 
keep your sample for future research that obtained ethics approval. 
 
Benefits and Risks 
The collection of inner cheek cells and touching bench surfaces has minimal risks, as they are 
non-invasive and will not hurt you. All the results that are generated from the samples you 
donate will be anonymised, and your confidentiality will be maintained. The DNA profiles will 
be kept in-house and will not be published or shared with anyone else. This project is also 
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completely separate from the South African Police Service, and there is no way that you could 
be linked to crime by participating in this project, whatsoever. 
 
There is no direct benefit for you, by participating in this study and you will not be 
compensated. However, the results that we obtain will be helpful in possibly improving DNA 
extraction methods that are used in forensic science. This will mean that more samples from 
crime scenes or forensic mortuaries can be identified in the future. 
 
Making your choice 
Participation in this study is completely voluntary. You may also withdraw from the study at 
any point and you may do so without providing a reason and without any consequence to you. 
If you withdraw, your sample will be discarded immediately. If you choose to have your 
samples stored for future research, it will be stored for the next 20 years in an access-controlled 
freezer in the laboratory. 
 
Contact details 
If you have any questions about the research, please contact Dr Laura Heathfield at 021 406 
6569 or Laura.Heathfield@uct.ac.za. Alternatively, for any questions pertaining human ethics, 
please contact the Chairperson of the University of Cape Town Faculty of Health Science 








Participant number:   
 
 
1. I confirm that I am South African and 18 years or older. 
2. I confirm that I have read and understand the research information form for the above 
study and have had the opportunity to ask questions. 
3. I agree to participate in this study and understand that my application is voluntary and 
that I am free to withdraw at any time, without giving any reason. 
4. I consent to: 
(Tick the appropriate box) 
The use of my DNA and information to be used ONLY for this study 
and to be destroyed after conclusion of this project. 
 
The use of my DNA and information to be used for this study AND 
stored for the ONLY purpose of possible future continuation of this 
research only if approved by HREC. 
 
The use of my DNA and information to be used for this study AS 
WELL AS my samples to be stored and used for future research that is 
















Signature of witness Date 
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Figure 6.1. A standard curve generated from 5 serial dilutions of standard DNA in MBG water (dilution factor = 
3), with concentrations ranging from 0.023 ng/µL to 1.850 ng/µL. The Quantifiler® Human DNA Quantification 
Kit (Applied Biosystems, Foster) was used to prepare the serial dilutions and quantify the samples. Red blocks 
represent standard DNA of know concentration used to generate the standard curve; blue blocks depict unknown 
samples falling within the range of the standard curve; green blocks represent unknown (flagged) samples falling 




Table 6.1. Quantifiler® Human DNA Quantification Kit (Applied Biosystems) qPCR quality metrics ranges. 
 
Quality metrics Accepted range/value 
Slope - 3.3 to - 2.9 
Y-intercept 1 
R2 > 0.98 








Figure 6.2. Positive control DNA profile generated from the Applied Biosystems® Gene Mapper 4.1 
software using the using the PowerPlex® ESX 16 kit (Promega, Madison). 
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Figure 6.3. Negative control DNA profile generated from the Applied Biosystems® Gene Mapper 4.1 software 
using the using the PowerPlex® ESX 16 kit (Promega, Madison). 
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Appendix F: Table of results 
 
Table 6.2. Raw data showing the results from all the analyses performed on touch DNA samples and buccal samples (n = 200). 
Presence of an asterisk (*) indicates that the analysis was not performed for the specific sample. 
 
Sample ID Sample type Presence 
of filters 





(Number of STR 
markers called) 
HID_004.1 G 1 Touch DNA Filter Cotton 0,464 0,03001 0 
HID_004.1 E 1 Touch DNA No Filter Cotton 0,892 0,03922 15 
HID_004.1 H 1 Touch DNA Filter Flocked 0,078 0,003367 11 
HID_004.1 F 1 Touch DNA No Filter Flocked 0,12 0,006576 14.5 
HID_005.1 G 1 Touch DNA Filter Cotton 0,558 0,011657 12 
HID_005.1 E 1 Touch DNA No Filter Cotton 0,876 0,05904 14.5 
HID_005.1 H 1 Touch DNA Filter Flocked 0,028 0,00473 10.5 
HID_005.1 F 1 Touch DNA No Filter Flocked 0,093 0,008873 14 
HID_006.1 G 1 Touch DNA Filter Cotton 0,0652 0 * 
HID_006.1 E 1 Touch DNA No Filter Cotton 0,05 0 * 
HID_006.1 H 1 Touch DNA Filter Flocked 0,0444 0 * 
HID_006.1 F 1 Touch DNA No Filter Flocked 0,142 0,036864 15 
HID_007.1 G 1 Touch DNA Filter Cotton 0,366 0,005568 10 
HID_007.1 E 1 Touch DNA No Filter Cotton 0,584 0,096948 15 
HID_007.1 H 1 Touch DNA Filter Flocked 0 0 * 
HID_007.1 F 1 Touch DNA No Filter Flocked 0,222 0,061507 15 
HID_008.1 G 1 Touch DNA Filter Cotton 0,367 0 * 
HID_008.1 E 1 Touch DNA No Filter Cotton 0,871 0 * 
HID_008.1 H 1 Touch DNA Filter Flocked 0,137 0,002453 7 
HID_008.1 F 1 Touch DNA No Filter Flocked 0,121 0,002445 6.5 
HID_009.1 G 1 Touch DNA Filter Cotton 0,649 0,00226 0 
HID_009.1 E 1 Touch DNA No Filter Cotton 0,718 0,00257 0 
HID_009.1 H 1 Touch DNA Filter Flocked 0,0292 0,002869 0 
HID_009.1 F 1 Touch DNA No Filter Flocked 0,1 0 * 
HID_010.1 G 1 Touch DNA Filter Cotton 0,409 0,034174 1.5 
HID_010.1 E 1 Touch DNA No Filter Cotton 0,561 0,031991 13.5 
HID_010.1 H 1 Touch DNA Filter Flocked 0,0596 0 * 
HID_010.1 F 1 Touch DNA No Filter Flocked 0,12 0 * 
HID_011.1 G 1 Touch DNA Filter Cotton 0,486 0,008634 0 
HID_011.1 E 1 Touch DNA No Filter Cotton 0,491 0,005532 0.5 
HID_011.1 H 1 Touch DNA Filter Flocked 0,0972 0 * 
HID_011.1 F 1 Touch DNA No Filter Flocked 0,0568 0 * 
HID_012.1 G 1 Touch DNA Filter Cotton 0,283 0,009438 4.5 
HID_012.1 E 1 Touch DNA No Filter Cotton 0,363 0 * 
HID_012.1 H 1 Touch DNA Filter Flocked 0,114 0,005971 9.5 
HID_012.1 F 1 Touch DNA No Filter Flocked 0,113 0,002338 3 
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HID_013.1 G 1 Touch DNA Filter Cotton 0,482 0,007173 0.5 
HID_013.1 E 1 Touch DNA No Filter Cotton 0,568 0,001805 4 
HID_013.1 H 1 Touch DNA Filter Flocked 0,155 0,000888 1.5 
HID_013.1 F 1 Touch DNA No Filter Flocked 0,089 0,004482 7 
HID_014.1 G 1 Touch DNA Filter Cotton 0,407 0,001691 3.5 
HID_014.1 E 1 Touch DNA No Filter Cotton 0,904 0,000813 0 
HID_014.1 H 1 Touch DNA Filter Flocked 0,138 0,003403 7 
HID_014.1 F 1 Touch DNA No Filter Flocked 0,149 0,002979 2 
HID_015.1 G 1 Touch DNA Filter Cotton 0,435 0,003883 0 
HID_015.1 E 1 Touch DNA No Filter Cotton 0,753 0,001093 1 
HID_015.1 H 1 Touch DNA Filter Flocked 0,127 0,00316 12 
HID_015.1 F 1 Touch DNA No Filter Flocked 0,103 0,002711 6 
HID_016.1 G 1 Touch DNA Filter Cotton 0,33 0,000901 4.5 
HID_016.1 E 1 Touch DNA No Filter Cotton 0,69 0 * 
HID_016.1 H 1 Touch DNA Filter Flocked 0,417 0,00163 0 
HID_016.1 F 1 Touch DNA No Filter Flocked 0,112 0 * 
HID_017.1 G 1 Touch DNA Filter Cotton 2,06 0,486124 15 
HID_017.1 E 1 Touch DNA No Filter Cotton 1,4 0,273868 13.5 
HID_017.1 H 1 Touch DNA Filter Flocked 0,693 0,180842 14.5 
HID_017.1 F 1 Touch DNA No Filter Flocked 0,503 0,123564 14.5 
HID_018.1 G 1 Touch DNA Filter Cotton 0,381 0,009137 13.5 
HID_018.1 E 1 Touch DNA No Filter Cotton 0,732 0,005512 8 
HID_018.1 H 1 Touch DNA Filter Flocked 0,174 0,010868 0 
HID_018.1 F 1 Touch DNA No Filter Flocked 0,132 0,004383 0 
HID_019.1 G 1 Touch DNA Filter Cotton 0,575 0 * 
HID_019.1 E 1 Touch DNA No Filter Cotton 0,446 0,001616 5.5 
HID_019.1 H 1 Touch DNA Filter Flocked 0,085 0,000994 7 
HID_019.1 F 1 Touch DNA No Filter Flocked 0,08 0,000904 0 
HID_020.1 G 1 Touch DNA Filter Cotton 0,637 0,001882 3 
HID_020.1 E 1 Touch DNA No Filter Cotton 0,638 0,002895 2.5 
HID_020.1 H 1 Touch DNA Filter Flocked 0,136 0,00166 0 
HID_020.1 F 1 Touch DNA No Filter Flocked 0,09 0,003971 7 
HID_021.1 G 1 Touch DNA Filter Cotton 0,315 0 * 
HID_021.1 E 1 Touch DNA No Filter Cotton 0,392 0 * 
HID_021.1 H 1 Touch DNA Filter Flocked 0,072 0,001807 5 
HID_021.1 F 1 Touch DNA No Filter Flocked 0,325 0 * 
HID_022.1 G 1 Touch DNA Filter Cotton 0,405 0,023898 0 
HID_022.1 E 1 Touch DNA No Filter Cotton 0,679 0,0196 0 
HID_022.1 H 1 Touch DNA Filter Flocked 0,264 0,042571 0 
HID_022.1 F 1 Touch DNA No Filter Flocked 0,286 0,034677 15 
HID_023.1 G 1 Touch DNA Filter Cotton 0,572 0,00082 4.5 
HID_023.1 E 1 Touch DNA No Filter Cotton 0,776 0,004464 6.5 
HID_023.1 H 1 Touch DNA Filter Flocked 0,15 0,013071 10.5 
HID_023.1 F 1 Touch DNA No Filter Flocked 0,097 0,000913 1.5 
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HID_024.1 G 1 Touch DNA Filter Cotton 0,477 0,002838 7 
HID_024.1 E 1 Touch DNA No Filter Cotton 0,542 0,000895 8 
HID_024.1 H 1 Touch DNA Filter Flocked 0,063 0 * 
HID_024.1 F 1 Touch DNA No Filter Flocked 0,078 0,003004 6 
HID_025.1 G 1 Touch DNA Filter Cotton 0,425 0,004677 7 
HID_025.1 E 1 Touch DNA No Filter Cotton 0,529 0,008671 11.5 
HID_025.1 H 1 Touch DNA Filter Flocked 0,151 0,008143 3 
HID_025.1 F 1 Touch DNA No Filter Flocked 0,129 0,000922 10.5 
HID_026.1 G 1 Touch DNA Filter Cotton 0,566 0 * 
HID_026.1 E 1 Touch DNA No Filter Cotton 0,705 0,000951 2 
HID_026.1 H 1 Touch DNA Filter Flocked 0,091 0,003001 9.5 
HID_026.1 F 1 Touch DNA No Filter Flocked 0,159 0,000894 3 
HID_027.1 G 1 Touch DNA Filter Cotton 0,302 0 * 
HID_027.1 E 1 Touch DNA No Filter Cotton 0,631 0,009307 0 
HID_027.1 H 1 Touch DNA Filter Flocked 0,121 0 * 
HID_027.1 F 1 Touch DNA No Filter Flocked 0,1 0 * 
HID_028.1 G 1 Touch DNA Filter Cotton 0,309 0,010748 0 
HID_028.1 E 1 Touch DNA No Filter Cotton 0,095 0,001677 0 
HID_028.1 H 1 Touch DNA Filter Flocked 0,259 0,039366 0 
HID_028.1 F 1 Touch DNA No Filter Flocked 0,15 0,040991 0 
HID_004.1 C 1 Buccal cells Filter Cotton 19,7 34,63575 * 
HID_004.1 A 1 Buccal cells No Filter Cotton 24,6 43,23519 * 
HID_004.1 D 1 Buccal cells Filter Flocked 40,6 59,42717 * 
HID_004.1 B 1 Buccal cells No Filter Flocked 24,1 30,75647 * 
HID_005.1 C 1 Buccal cells Filter Cotton 25,2 26,74847 * 
HID_005.1 A 1 Buccal cells No Filter Cotton 57 140,26536 * 
HID_005.1 D 1 Buccal cells Filter Flocked 29,5 113,0769 * 
HID_005.1 B 1 Buccal cells No Filter Flocked 1,04 55,63078 * 
HID_006.1 C 1 Buccal cells Filter Cotton 10,8 9,212084 * 
HID_006.1 A 1 Buccal cells No Filter Cotton 7 10,62137 * 
HID_006.1 D 1 Buccal cells Filter Flocked 11,6 19,84065 * 
HID_006.1 B 1 Buccal cells No Filter Flocked 5,97 8,156688 * 
HID_007.1 C 1 Buccal cells Filter Cotton 6,31 10,76287 * 
HID_007.1 A 1 Buccal cells No Filter Cotton 4,58 4,347147 * 
HID_007.1 D 1 Buccal cells Filter Flocked 13,2 22,07169 * 
HID_007.1 B 1 Buccal cells No Filter Flocked 45,2 46,72857 * 
HID_008.1 C 1 Buccal cells Filter Cotton 62,8 103,73486 * 
HID_008.1 A 1 Buccal cells No Filter Cotton 31,1 41,32247 * 
HID_008.1 D 1 Buccal cells Filter Flocked 36,4 47,03244 * 
HID_008.1 B 1 Buccal cells No Filter Flocked 29,2 30,75647 * 
HID_009.1 C 1 Buccal cells Filter Cotton 52,7 67,33276 * 
HID_009.1 A 1 Buccal cells No Filter Cotton 22,6 33,46972 * 
HID_009.1 D 1 Buccal cells Filter Flocked 43 57,95552 * 
HID_009.1 B 1 Buccal cells No Filter Flocked 36,9 44,14135 * 
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OPT_046.1 Buccal cells No Filter Cotton 9,34 1,319291 * 
OPT_046.2 Buccal cells No Filter Flocked 42,1 8,947326 * 
OPT_046.3 Buccal cells Filter Cotton 5,19 9,359045 * 
OPT_046.4 Buccal cells Filter Flocked 5,48 23,26988 * 
OPT_047.1 Buccal cells No Filter Cotton 37,7 15,53289 * 
OPT_047.2 Buccal cells No Filter Flocked 4,97 14,05569 * 
OPT_047.3 Buccal cells Filter Cotton 2,41 12,87523 * 
OPT_047.4 Buccal cells Filter Flocked 25,8 83,32227 * 
OPT_048.1 Buccal cells No Filter Cotton 1,16 6,868811 * 
OPT_048.2 Buccal cells No Filter Flocked 7,69 24,71611 * 
OPT_048.3 Buccal cells Filter Cotton 17 7,389314 * 
OPT_048.4 Buccal cells Filter Flocked 9,34 33,54068 * 
OPT_049.1 Buccal cells No Filter Cotton 5,64 22,68587 * 
OPT_049.2 Buccal cells No Filter Flocked 13 46,90216 * 
OPT_049.3 Buccal cells Filter Cotton 6,27 29,03755 * 
OPT_049.4 Buccal cells Filter Flocked 15 49,46185 * 
OPT_050.1 Buccal cells No Filter Cotton 8,6 28,55254 * 
OPT_050.2 Buccal cells No Filter Flocked 12,2 44,1716 * 
OPT_050.3 Buccal cells Filter Cotton 2,19 10,41765 * 
OPT_050.4 Buccal cells Filter Flocked 15,4 50,5566 * 
OPT_051.1 Buccal cells No Filter Cotton 13 0 * 
OPT_051.2 Buccal cells No Filter Flocked 40 0 * 
OPT_051.3 Buccal cells Filter Cotton 4,05 2,182515 * 
OPT_051.4 Buccal cells Filter Flocked 6,87 27,76701 * 
OPT_052.1 Buccal cells No Filter Cotton 11,4 42,37275 * 
OPT_052.2 Buccal cells No Filter Flocked 11,2 44,65322 * 
OPT_052.3 Buccal cells Filter Cotton 4,32 21,15126 * 
OPT_052.4 Buccal cells Filter Flocked 9,15 33,84863 * 
OPT_053.1 Buccal cells No Filter Cotton 18,7 8,07635 * 
OPT_053.2 Buccal cells No Filter Flocked 12,4 37,84806 * 
OPT_053.3 Buccal cells Filter Cotton 1,93 13,16233 * 
OPT_053.4 Buccal cells Filter Flocked 10,6 37,59569 * 
OPT_054.1 Buccal cells No Filter Cotton 3,98 32,75222 * 
OPT_054.2 Buccal cells No Filter Flocked 8,1 30,70256 * 
OPT_054.3 Buccal cells Filter Cotton 12,5 46,57648 * 
OPT_054.4 Buccal cells Filter Flocked 37,2 123,0588 * 
OPT_055.1 Buccal cells No Filter Cotton 3,31 15,2516 * 
OPT_055.2 Buccal cells No Filter Flocked 17,2 64,80853 * 
OPT_055.3 Buccal cells Filter Cotton 17,1 60,72326 * 
OPT_055.4 Buccal cells Filter Flocked 22,6 76,81903 * 
OPT_056.1 Buccal cells No Filter Cotton 4,3 15,17614 * 
OPT_056.2 Buccal cells No Filter Flocked 10,1 11,7121 * 
OPT_056.3 Buccal cells Filter Cotton 17,7 72,2508 * 
OPT_056.4 Buccal cells Filter Flocked 48,4 182,2616 * 
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OPT_057.1 Buccal cells No Filter Cotton 11,4 48,6866 * 
OPT_057.2 Buccal cells No Filter Flocked 25 86,42796 * 
OPT_057.3 Buccal cells Filter Cotton 35,7 116,5793 * 
OPT_057.4 Buccal cells Filter Flocked 64 186,70804 * 
OPT_058.1 Buccal cells No Filter Cotton 1,19 9,288075 * 
OPT_058.2 Buccal cells No Filter Flocked 4,94 22,20477 * 
OPT_058.3 Buccal cells Filter Cotton 1,17 9,726451 * 
OPT_058.4 Buccal cells Filter Flocked 26,7 75,68258 * 
OPT_059.1 Buccal cells No Filter Cotton 7,47 24,43144 * 
OPT_059.2 Buccal cells No Filter Flocked 10,9 39,01499 * 
OPT_059.3 Buccal cells Filter Cotton 1,19 10,65385 * 
OPT_059.4 Buccal cells Filter Flocked 16,3 57,5778 * 
OPT_044.1A Buccal cells Filter Flocked 59 16,989628 * 
OPT_044.1B Buccal cells No Filter Flocked 1,73 12,20719 * 
OPT_044.1C Buccal cells Filter Cotton 2,03 9,687248 * 
OPT_044.1D Buccal cells No Filter Cotton 16,6 6,121189 * 
OPT_05.1C Buccal cells Filter Flocked 1,79 10,64985 * 
OPT_05.1D Buccal cells No Filter Flocked 1,13 9,546407 * 
OPT_05.1E Buccal cells Filter Cotton 1,04 9,650854 * 
OPT_05.1F Buccal cells No Filter Cotton 13 5,016959 * 
OPT_043.1A Buccal cells Filter Flocked 13,9 5,954733 * 
OPT_043.1B Buccal cells No Filter Flocked 18,8 7,318074 * 
OPT_043.1C Buccal cells Filter Cotton 13,5 5,322404 * 
OPT_043.1D Buccal cells No Filter Cotton 5,92 2,381949 * 
OPT_01.1D Buccal cells Filter Flocked 6,67 2,791808 * 
OPT_01.1E Buccal cells No Filter Flocked 3,43 1,622508 * 
OPT_01.1F Buccal cells No Filter Cotton 5,13 2,26797 * 
OPT_01.1G Buccal cells Filter Cotton 5,52 2,210382 * 
OPT_09.1C Buccal cells Filter Flocked 9,12 3,210719 * 
OPT_09.1D Buccal cells No Filter Flocked 3,89 1,770019 * 
OPT_09.1E Buccal cells Filter Cotton 13,6 4,642054 * 
OPT_09.1F Buccal cells No Filter Cotton 1,18 3,991612 * 
56 
 
Appendix G: Table of p-values 
 













Cotton swab No filter vs filter 0.801 
Flocked swab No filter vs filter 0.035 
Cotton vs Flocked No filter 0.470 
Cotton vs Flocked Filter 0.021 
 
Touch DNA 
Cotton swab No filter vs filter 0.930 
Flocked swab No filter vs filter 0.914 
Cotton vs Flocked No filter 0.652 







Cotton swab No filter vs filter 0.429 
Flocked swab No filter vs filter 0.408 
Cotton vs Flocked No filter 0.726 
Cotton vs Flocked Filter 0.665 
Spearman’s rank correlation coefficient 0.00003 
 
